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TKE INFLUENCE OF GASEOUS ENVIRONMENT ON THE 

SELF-ADHESION OF METALS 

By William P. Gilbreath 

Ames Research  Center 

SUMMARY 

The self-adhesion of metal surfaces w a s  measured in   var ious  gases   with 
pressure,  exposure  duration,  and  temperature as va r i ab le s .  Aluminum, copper, 
gold,   lead,  magnesium, and t i tanium were s tud ied   i n  a i r ,  argon,  carbon 
monoxide, ethylene,  hydrogen,  nitrogen, and  oxygen. 

The results showed t h a t  loss of adhesion f o r  a par t icu lar   meta l   resu l ted  
from  gas  adsorption on its contacting  surface and t h a t   t h e   e f f e c t  of environ- 
ment upon adhesion  could  be  related  to  the  heat of adsorption f o r  t he  
par t icular   metal-gas   interact ion.  

INTRODUCTION 

Adhesion, or cold-welding, is known t o  be  an  environment-sensitive 
property of metals. Contaminating  surface  layers, commonly oxides,  water, or 
o i l ,  inh ib i t   the   adhes ion  of  most metals.  Numerous inves t iga tors   (e   .g .  , 
refs. 1-4) have shown t h a t  small amounts of oxygen or a i r  s ign i f i can t ly  
decrease  the  adhesion of i n i t i a l ly   c l ean   su r f aces .  Although t h e   e f f e c t  of 
various  gaseous  environments upon wear ( ref .  5 )  and f r i c t i o n   ( r e f s .  2,3,6,7,8) 
has  been  studied,  comparable work has   not   been  publ ished  in   the  re la ted  f ie ld  
of adhesion.  In  the  present  study,  the  influence  of  various  gaseous  environ- 
ments on the  self-adhesion of a number  of metals wi th   i n i t i a l ly   c l ean   su r f aces  
was  invest igated and the  observed  effects  have  been  related t,o chemical or 
physical   propert ies  of the  interact ing  gas   metal   species .  

The purpose  of t h i s   s t u d y  was to   i nves t iga t e   t he   r e l a t ionsh ip  between 
adhesion and gas  environment  and  thereby to   help  develop  guidel ines  useful 
i n   t h e   s e l e c t i o n  of metals f o r  a specif ic   operat ion  in   par t icular   gas   environ-  
ments. For example,  metal-environment  combinations  found t o  cause r e l a t i v e l y  
high  adhesion would be  expected t o   r e s u l t   i n  more unwanted wear, and higher 
f r i c t i o n  and contact  seizure  than  combinations  producing l i t t l e  or no adhesion 
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Boltzmann constant,  1.38xL0" erg  

molecular mass of molecule,  g-mole-l 

mass of molecule,  g-mole-l 

molecular  density,  molecules cm" o r  molecules cmm2 

pressure, torr 

gas constant,  2 g-cal ( 0 ~ 1 - l  mole 

s t i ck ing   coe f f i c i en t  

temperature, OK 

time, sec 

adhesion  coefficient 

normalized  adhesion  coefficient 

heat of adsorption, kg c a l  mole-' 

molecular flux, molecules cmm2 sec-l  

adsorbed  molecular  sw-face  density , molecules cmm2 

mean surface  residence  time of adsorbed  molecules,  sec 

osc i l la t ion   per iod  of adsorbent surf'ace atoms,  sec 
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Subscripts 

a  adsorbed 

d desorbed 

e  equilibrium 

g  gas 

i value of ith test 

S so l id  
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Self-adhesion  values   for   the  metals   tes ted were  found  by  measuring t h e  
t ens i l e   fo rce   necessa ry   t o   s epa ra t e  two surfaces  previously  pressed  together 
with a given  compressive  load  under  the  controlled  conditions  described  below. 
These values were expressed as an  adhesion  coefficient,  a, t h e   r a t i o  of t h e  
measured t ens i l e   fo rce   ( adhes ion )   t o   t he  preimposed  compressive  joining  force. 
Fo r   t h i s   s tudy ,   i n i t i a l ly   c l ean   su r f aces  were produced  by fractur ing  notched 
cy l ind r i ca l  specimens  with a tensile load.  In  order t o   r e t a i n   t h e s e   c l e a n  
su r faces   fo r  a reasonable  length of time (necessary  to   permit   s tudy of t he  
e f f e c t  of various  gas  environments on t h e m ) ,   t h e   i n i t i a l   f r a c t u i n g  was  done 
in   u l t r a -h igh  vacuum. The apparatus  (fig.  1) consisted of a vacuum chamber, 

Figure 1.- Test  apparatus  used to   i nves t iga t e  
the  influence of environment on aaheSiOn. 

a hydraulic tes t  machine f o r   i n i t i a l l y  
f r a c t u r i n g   t h e  specimen  and f o r  apply- 
ing  the  compressive  and  tensile  loads 
during  adhesion  tes ts ,  a gas  manifold 
and servo-control led  leak  for  estab- 
lishing  various  environments , a system 
fo r   hea t ing  and cooling  the  specimen, 
gages for  analyzing  the  environment,  
and related  instrumentat ion.  

The  vacuum chamber was  a s t a i n l e s s  
s t e e l   b e l l j a r ,  28 cm in  diameter  by 
38 cm long. It w a s  evacuated t o   p r e s -  
sures below l n O - ’ O  by a trapped mechan- 
i c a l  pump, ion pumps, and a l iqu id-  
nitrogen-shrouded  titanium  sublimation 
pump. The metal specimens  were 
~~ - 

screwed in to  oxygen f r ee ,   h igh  conduc- 
t i v i t y  (OFHC) copper   col le ts  , which 

were, i n   t u rn ,   a t t ached  t o  bellows-sealed,  double,  extra  heavy-walled  tubing 
tha t   se rved  as drive  rods.  The lower  rod was connected t o  the   hydraul ica l ly  
actuated ram of t h e  test  machine  and the  upper  rod was connected t o  a load 
ce l l .   F l ex   p l a t e s  , 0.076 cm th i ck ,   a l i ned   t he  specimen  halves for re joining 
af ter  f r ac tu r ing   bu t   d id   no t   con t r ibu te   t o   t he   l oad   ce l l   ou tpu t  as both   p la tes  
were anchored t o   t h e  chamber a t  t h e i r  ends  and the   upper   p la te  was  immobile i n  
r e l a t i o n   t o   t h e   l o a d   c e l l .  

After the  specimen was i n i t i a l l y   f r a c t u r e d   t o  expose a c lean   sur face ,   the  
c losed-loop,   servo-control led  tes t  machine was  set t o   f o l l o w  a program i n  
which a number of accurately  reproducible  mechanical test  cycles  could be run 
automatically. A single  mechanical tes t  cycle for a l l  metals except  lead con- 
s i s ted   in   rap id ly   jo in ing   the   f rac tured   ha lves  and  holding them under 
45 k0.2 kg load  for   3 .0   seconds,   rapidly  unloading,   f ractur ing at a ram speed 
of 0.007 cm/sec, rapidly  separat ing them t o  about 1 cm, and then  exposing them 
t o   t h e  environment f o r  about  30  seconds  before  repeating  the  cycle.  For  lead, 
it w a s  necessary  to   use a 22-kg load  and a ram speed of 0.05 cm/sec because of 
its small compressive  yield  strength and large  creep rate. Adhesion ( the  
f rac tur ing   load)  of less than 40 g could  be  detected. This corresponded t o  an 
adhesion  coeff ic ient ,  a, of less than 0.001 (0.002 f o r  lead). The compressive 
loads  used  were of such  magnitude as t o  cause from 2 t o  1-5 percent  (depending 
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upon the  metal and i t s  compressive  yield  s t rength)   of   the   f ractured  cross  
sec t ion   to   be   in   ac tua l   contac t   dur ing   the  weld pa r t   o f   t he   t e s t   cyc le .  For 
experiments  using  impulsive  loading,  the  specimens  were  loaded a t  a frequency 
of 15 Hz f o r  several minutes a t  an  amplitude of 0 t o  45 kg. 

System pressures  were measured  by nude and tubulated  hot  cathode  gages 
and thermcouple  gages  in   the  appl icable   pressure  ranges.  The residual   gas  
environment  and the   a r t i f ic ia l ly   c rea ted   gas   envi ronments  were measured by 
means of a quadrupole mass analyzer   with  e lectron  mult ipl ier  a t  pressures 
below 1X10'4 t o r r .  The desired  gaseous  environment was admitted  to  the  system 

t o  
through  transfer  regulators,   carefully  purged  l ines,  and a servo-controlled 
leak  valve which  maintained a preselected  pressure.  The usua l   p rac t ice  was 
evacuate  the  system  to  about lXIO'lo t o r r  and then  cont inual ly  admit the  gas 
a t  the   des i red  level of pressure  while  keeping  the  ion pumps running. This 
dynamic procedure i n  most instances  maintained  the  absolute  pressure  of  the 
background  gases a t  about 10-1-0 t o r r ;  t hus ,   t he   pu r i ty   l eve l  of  the  environ- 
ment was e s s e n t i a l l y   t h a t  of  the  admitted  gas. When pressures above 
1x10'5 t o r r  were to   be  used,   the  pumps were shut   o f f ,   s ince  a t  these  pressures,  
t h e  pumps heated  and  regurgitated impure gases. Under these   s ta t ic   condi t ions  
of pumps of f  and no gas  flow, somewhat larger   absolute   impuri ty   levels   of  
background  gases  are  to  be  expected. A t  pressures   greater   than 10-4 t o r r  no 
check  on  the  environment was made s ince  the  analyzer   could  not   be  operated  in  
th i s   range .  

I n  the  range  from -150' t o  +500° C ,  the  specimen w a s  cooled by l i qu id  
n i t rogen   c i rcu la t ing   to   the   co l le t s   th rough  the   tubular   d r ive   rods  and heated 
by a 2000-W quartz lamp tha t   enc i rc led   the  specimen.  Thermocouples attached 
to  the  upper and  lower  portions  of  the sample indicated  that   temperatures were 
cont ro l led   to   wi th in  5' C i n   t h e  above range. 

Two specimen configurations were  used: i n  most experiments,  the 
specimens were 1.27-crn-diameter  rods, 2 t o  5 cm long,  threaded  on  both  ends, 
and machined with a 60' notch  angle t o  0.636 cm diameter. For some experi-  
ments gold  disks, 0.3 cm th i ck  by 0.6 cm diameter were s i lver-soldered  to  
threaded  copper  rods 1.27 cm in  diameter  which  were i n   t u r n   i n s e r t e d   i n t o   t h e  
c o l l e t s .  Specimen mater ia ls  and t h e i r   p u r i t i e s  were: aluminum (99.99 per-  
cent),  copper (OFHC) , gold (99.999 percent) ,   lead (99.99 percent ) ,  magnesium 
(99.95 percent ) ,  and t i tanium (99+ percent) .  

Gases,  used f o r   c r e a t i n g   t h e   a r t i f i c i a l   t e s t  environments,  and t h e i r  
minimum p u r i t i e s  were: air  ( labora tory) ,  air (dry,  hydrocarbon  free),  argon 
(99.999 percent),   carbon monoxide (99.5 percent),   ethylene (99+ percent) ,  
hydrogen (99.999 percent) ,   n i t rogen (99.99 percent ) ,  and  oxygen 
( 99.99 percent) 

ADSORPTION RATE THEORY 

If, i n  an  adhesion t e s t ,  a var ia t ion  in   adhesion  can  be  a t t r ibuted  to   the 
gaseous  environment,  the  variation must be due to  adsorption  of  the  gas  on  the 
in i t ia l ly   c lean   meta l   sur face .  The presence  of  an  adsorbed  species w i l l  
reduce, and possibly  entirely  eliminate,  the  metal-metal  atomic bond formation 
expected  to  occur  on  contact  of  the metal surfaces.  The  number of  bonds 



formed on contact,  and thus   the  measured adhesion, m u s t ,  i n  some  way, be 
re la ted   to   the   concent ra t ion  of adsorbed  species on the  surface,  which i n   t u r n  
depends upon several well-established  parameters.  These parameters  are 
(1) t h e  number of gas  molecules  impinging on the   sur face   (pressure) ,   (2 )   the  
r a t i o  of those  molecules  st icking on t h e   s u r f a c e   t o   t h e  number impinging 
( s t i ck ing   coe f f i c i en t ) ,  and (3) t h e  mean lifetime of the  adsorbed  species on 
the   sur face .  

For less than  monolayer  adsorption,  an  approximation of t he   su r f ace  
coverage, a, i n  molecules  per c$, a f t e r  exposure f o r  a time, t, i n  seconds 
t o  a gas a t  a given  pressure, P, i n   t o r r  w i l l  now be 

The r a t e  of  change of surface  coverage i s  given 
adsorption  and  desorption  rates of n molecules o r  

derived. 

by the   d i f fe rence  of 

dna - = v s  = P(2mkT) - 1/ 2 s = 3.5XLOz2sP(MTg) - 1/2 

a t  s e c - l  cm-2 (2) 

The r igh t  hand equivalent  follows  from  gas 
are t h e  mass of molecule,  molecular  weight 
temperature ( O K )  of the  gas  , respect ively.  
t i o n a l   t o   t h e  number of  adsorbed  molecules 
mean residence  time, T ,  

dnd 

k ine t ic   theory ;  m y  M, k ,  and Tg 
(g/mole), Boltzmann constant ,  and 
The desorp t ion   ra te  is propor- 

and inve r se ly   p ropor t iona l   t o   t he i r  

- "- 
d t  7 

Subst i tut ing  equat ions ( 2 )  and (3 )  i n  (1) yie lds  

which, af ter  in tegra t ion  becomes 

u = S v T (  1-e-tlT) molecdes/cm2 (4) 

Frenkel ( ref .  9 )  showed t h a t   t h e  mean resident  t ime, 7, could  be  related 
t o   t h e   h e a t  of adsorption of the  gas on the   sur face  at temperature Ts, by 

~ / R T  
T = -roe S 

i n  which T~ is a measure  of t he   o sc i l l a t ion   pe r iod  of t h e  surface atoms of 
the  adsorbent  and is normally  from t o  second.  Equation (4)  pro- 
vides   an  indicat ion of the  degree of surface  coverage  under a set of spec i f i c  
tes t  conditions.  For a gas  exhibi t ing  short  T (and/or  under  conditions of 
long t ) ,  equation (4)  reduces to   the  equi l ibr ium  form,  U e ,  given  by 
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Conversely, f o r  long T (or shor t  t )  and low fluxes, the  pre-equi l ibr ium 
condition is important  and  equation (4 )  can  be  initally  approximated  (from  the 
series expansion  of the  exponent ia l )  : 

Is = s v t  

0 = 3 . 5 ~ 1 0 ~ ~  Spt(MTg) -1'2 molecules/cm2 

Thus,  depending pr imari ly  upon the  magnitude o f .  T, and  hence  of AH, 
equations (6) and (7) and,  therefore,  pressure  and  integrated  exposure 
(s," P d t ) ,  will have varying  degrees  of  importance i n   d i c t a t i n g  adsorbed  gas 
coverage. For example, for   typical   chemisorbable   gases ,  T i s  long  (e.g., 
about 1017 seconds f o r  a AH of 40 kcal/mole), so that  the  surface  coverage 
will increase as a function  of  the  product  of P and t (i. e. ,   in tegrated 
exposure) as indicated  in   equat ion (7) .  On the   o ther  hand, f o r  a t y p i c a l  
physisorbable  gas, T i s  short  (e.g.,  about 10-10 see   fo r  AH of 4 kcal/mole) 
and the  equi l ibr ium  condi t ion as given  by  equation (6)  i s  v i r t u a l l y  
ins tan taneous ly   a t ta ined ,   in  which case  the  s ignif icant   experimental   var iable  
i s  the  pressure.  

In  adhesion  experiments  in  chemisorbable  gases,  the  environmental  effect 
was found to  be  cumulative.  That i s ,  a metal  specimen, a f t e r   i n i t i a l   f r a c t u r e ,  
exposed t o  gas a t  pressure P, f o r  a time t,, joined,   refractured,  and 
exposed  again  for t, at P,, or f o r  n t es t  c y c l e s   t n  a t  Pn would  have 

a cumulative  exposure  equal  to C (P t ) i ,  or more prec ise ly ,  s," P d t   ( i n t e -  

gra ted   exposure) ,   a l lowing   for   var ia t ion   in  P during a single  exposure. The 
e f f e c t  on adhesion  of a given  total   in tegrated  exposure,   occurr ing  over  n 
weld-break-exposure  cycles, was found (as shown la ter)  to   be  similar to   t he  
e f f e c t  of a single  equivalent  integrated  exposure.  Thus, it was possible  t o  
p l o t   t h e   r e s u l t s  as a funct ion of the  effect   of   integrated  exposure  on some 
adhesion  parameter. The parameter  can  be  simply  the  adhesion  coefficient, a, 
as previously  defined. However, t o  ge t  a true  picture  of  the  gas  environment 
e f f e c t  on  metals  (without  the  overlapping  effects  of  mechanical  testing) a 
normalized  adhesion  coefficient, E, i s  more appropriate,  it i s  derived  by 
r e l a t ing   t he   r e su l t   i n   t he   gas  environment t o   t h a t   i n   u l t r a - h i g h  vacuum (UHV). 
Speci f ica l ly ,   the   adhes ion   coef f ic ien t ,  a. obta ined   a f te r  a given number of  
weld-break  cycles  in  the  gas  environment 1s mult ip l ied   by   the   ra t io  of  a of 
t h e   t e s t   a f t e r   t h e   f i r s t   c y c l e ,  al, t o   t ha t   a f t e r   t he   g iven  number of  cycles, 
ai i n  UHV; t h a t  i s ,  

n 

i n  1 

1' 
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FESULTS AND DISCUSSION 

The f i rs t  pa r t   o f   t h i s   s ec t ion  will be  devoted  to  discussing two 
phenomena, mechanical  testing and impuri ty   effects ,  which tend  to   obscure 
the  expected  gas-environment  effects when the   t es t   t echnique  of t h i s   s tudy  i s  
employed. In   t he  last  and  major par t   o f   th i s   sec t ion ,   da ta  w i l l  be  presented 
on the   e f f ec t s   o f  a number of  gaseous  environments  on  the  self-adhesion  of  the 
metals  studied.  These  lat ter results will be  interpreted  pr imari ly  i n  rela- 
t ionship   to   the   hea t   o f   adsorp t ion   for  a given  combination  of  gas  environment 
and  metal. 

Mechanical  Testing and Impurity  EEfects 

With many of the  metals examined, t h e  change in  adhesion  caused by t h e  
gas  environment w a s  unfortunately similar t o   t h e   e f f e c t  produced  by r epe t i -  
t i o n  of t h e  weld-break,  mechanical tes t  c y c l e   i t s e l f .   I n   o r d e r   t o   i s o l a t e  
and assess the  inf luence of t h i s   l a t t e r   f a c t o r  on t h e   r e s u l t s ,   t h e  test cycle 
w a s  repeated  in  an ul t ra-high vacuum in   t he   ca se  of every metal s tudied.  A t  
such vacuums (10-9 t o   t o r r ) ,   t h e  gas  concentration is s o  low t h a t ,  
wi thin  the t es t  period, i t s  influence on the   i n i t i a l ly   c l ean   su r f aces   and ,  
thus,  on adhesion may be  neglected. (Mass spectrometric  gas  analysis of t h i s  
vacuum environment showed the  res idual   gases  t o  be: Hz, COY CH4, CO,, H,O, 
N,, and O,.) An example of t h e   e f f e c t  of the  weld-break tes t  cycle on t h e  
adhesion of aluminum is shown i n   f i g u r e  2. The r e s u l t s  of th ree   u l t ra -h igh  

TlME -30 sec 
CYCLE 

Ts= 25' C 

Lot- 
A IO5 sec INITIAL EXPOSURE 

.e 

.6 

P. torr GAS ENVIRONMENT 
0 I XI0"l RESIDUAL 

I I I I I I 
0 IO 20 30 40 50 60 70 

TEST CYCLE 

" 

vacuum experiments,  each  performed  with 
about a 30-second i n t e r v a l  between 
individual  weld-break  cycles , and, i n  
one case , lo5 seconds  exposure  before 
the  first t e s t ,  are independent of 
exposure  and  pressure  and  appear t o  
depend only on the  number of p r i o r  tes t  
cycles.   Likely  explanations f o r  t h e  
noted  decrease of adhesion  with 
repeated  mechanical  testing  are  surface 
e f f e c t s  due t o  (1) a change i n  mechan- 
i ca l   p rope r t i e s  (e. g. , hardness ) of t h e  
metal, (2)  a variation  in  topography 
with  testing,  and/or (3)  a worsening 
l a t t i c e  match (refs. 1, 10).  

Figure 2.- Comparison of adhesion  characteristics 
of 99.99 percent  aluminum in UHV and  oxygen. On t h e  same f i g u r e ,   f o r  comparison, 

data  are  also  presented  from a t y p i c a l  
run showing t h e   e f f e c t  of a chemisorb- 
able  gas (0,) on the  adhesion  behavior 

of i n i t i a l l y   c l e a n  aluminum surfaces .  The major   dis t inct ion between t h e  weld- 
break  effect  and t h a t  engendered  by the  gas  environment is t h a t ,   i n   t h e  l a t te r  
case ,   t he   e f f ec t  on a is la rge .  From t h e  example shown i n  combination  with 
o ther   da ta   to   be   p resented  later,  it was  concluded that   the   environmental  
e f f e c t  on adhesion is generally  independent of t h e  number of tes t  cycles and 
may be many times l a r g e r   p e r  tes t  cycle   than  the  weld-break  effect .  On t h i s  
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basis,   the  simple  normalizing  technique  described earlier (eq. (8) ) was devel- 
oped t o  exc lude   the   e f fec ts  of mechanical   tes t ing  f rom  this   s tudy of t h e  
e f fec ts  of gas  environment on adhesion. Data showing t h e   e f f e c t  of mechanical 
t e s t i n g   i n  UHV upon the  adhesion  coeff ic ients  of metals examined i n   t h e  
present   s tudy are p r e s e n t e d   i n   t a b l e  I. 

It is also  important   to   consider   the effect of  impurit ies a t  the   sur face  
when t r y i n g   t o  assess the  inf luence of a gas  environment on adhesion.  Inter- 
fe r ing   impur i t ies  have three  sources:  the  specimen  bulk,  the  neighboring 
specimen  surface,  and  the tes t  gas  environment.  Diffusion of impurities  from 
the   bu lk   t o   t he   i n i t i a l ly   c l ean   su r f ace  may not  be  important a t  the  tempera- 
t u r e s  and times used in   the  experiments  (ref.  11). Surface  diffusion,  which 
has  an  activation  energy  that is  lower  than  bulk  diffusion  and  typically 
according t o  (ref. 11) one- th i rd   tha t  of desorption ( i tself  a s ign i f i can t  
phenomenon, eq. ( 5 )  ) might be considered a more l ike ly   in te r fe r ing   process .  
However, it appears   ( refs .  11, 12) t h a t ,  from a prac t ica l   s tandpoin t ,  surface 
d i f fus ion   a l so  would have l i t t l e   e f f e c t  on adhesion  under  the  test   conditions 
used  herein.  That i s ,  t h e   t o t a l   f l u x  of low mobility  contaminants  (such as 
oxides)   onto  the  c lean  surface from adjoining  surfaces would be small because 
of t h e   r e l a t i v e l y   s h o r t   t i m e   f o r  a given  experiment,  while  highly  mobile 
species  would be  desorbed  before moving appreciable  distances on the   sur faces .  
Substances of  moderate, as w e l l  as high,  mobility would have  been  desorbed 
during  the  bakeout and pwnpdown pr ior   to   each   exper iment .  The assumptions 
tha t   bo th   sur face  and bulk  diffusion were low was v e r i f i e d  , a t  l e a s t   f o r  
aluminum, i n   t h e  one experiment i n   f i g u r e  2 i n  which the  specimen, a f t e r  
i n i t i a l   f r a c t u r i n g ,  w a s  exposed f o r  lo5 seconds a t  to r r   be fo re   t he  
i n i t i a l  weld-break tes t .  Since  subsequent  mechanical  testing  produced  results 
similar to   t he   o the r   u l t r a -h igh  vacuum tests i n   f i g u r e  2, it was concluded 
tha t   su r f ace   d i f fus ion ,  and a l s o  bulk  diffusion,  of contaminants t o   t h e   c l e a n  
surface  did  not  occur  to a measurable  degree.  Interfering  impurities from t h e  
th i rd   sou rce ,   t he  tes t  gas i tself ,  can   de f in i t e ly   a f f ec t   t he   r e su l t s .  The 
apparent   effects  of these  gaseous  impurities on the   resu l t s   a re   d i scussed  
below. 

1.0 - INITIAL EXPOSURE, Figure 3 presents   resu l t s  showing 
Ts= 25" C 

torr-sec 
U o 1.1 XIO-4 the  adhesion  behavior of copper i n  oxy- 

0 1.2x10-3 
+- .0- 0 0 XIO-4 gen  environments  obtained  after  f ive 

d i f fe ren t   exposure   in te rva ls   a f te r   the  
i n i t i a l   f r a c t u r i n g   b u t   p r i o r   t o   t h e  
i n i t i a l  weld-break  tests. The i n i t i a l  

INITIAL  TEST POINTS p i n t s  on  each  curve  (fi l led symbols) 
r e f l ec t   on ly   t he   e f f ec t   o f  contamina- 
t ion   wi th  oxygen  and none of  the com- 
p l e x i t i e s ,  as descr ibed   ear l ie r ,  which 
arise  through  repeated  mechanical  test-  

smooth curve  (dashed  line 1. Although 

_" CURVE THROUGH 

INTEGRATED  EXPOSURE, torr sec ing.  These i n i t i a l   p i n t s  f a l l  on a 

Figure 3 . -  Effect of oxygen on the  adhesion 
coef f ic ien t  of OF'HC copper a f te r   var ious  
i n i t i a l  exposures. remainder  of  the data points ,  which 

u 

they do not  deviate much from the  

were determined  from  subsequent  repeated 
mechanical  testing a t  the   t es t   condi t ions   no ted ,   the i r   loca t ion   re la t ive  t o  
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the   o ther   da ta   conf i rms   tha t   the   e f fec t   o f   repea ted   t es t ing  i s  t o  reduce 
adhesion somewhat  more rap id ly   than  it would be  reduced  by t h e  environment 
alone. 

Gaseous  Environment Ef fec t s  

Aluminum. - The adhesion  behavior  of aluminum in  various  gas  environments 
serves as a good i l l u s t r a t i o n   s i n c e  (1) aluminum reacted i n  two d i s t i n c t  ways, 
which apparently  depended  on i t s  interaction  with  the  gaseous  environment, 
(2 )  t h e  effects o f   t he  environment were clearly dis t inguishable  from other 
f ac to r s   a f f ec t ing   t he   r e su l t s ,   and  (3) the   in te rac t ion   of   c lean  aluminum 
surfaces  with most of  the  gases  used was f a i r l y  well defined. The r e s u l t s  
f o r  aluminum w i l l  b e   d i scussed   i n   de t a i l   and ,   s ince   t he   r e su l t s   fo r   t he   o the r  
metals t e s t e d  a re  similar, the  behavior  of  these metals can, i n  most instances,  
be  referenced to   the  conclusions  found from  examining t h e  aluminum system. 

1.0 - Figure 4, showing how t h e  normal- 
ized  adhesion  coeff ic ient   for   a lumi-  
num i s  a f f ec t ed  by exposure t o  
var ious  gases ,   c lear ly   dis t inguishes  
t h e  two  types of i n t e rac t ion .  Gases 
t h a t  are chemically  adsorbable ( a r b i -  

(p=1x10-7 )  t r a r i l y   d e f i n e d  as heats  of  adsorp- 
I .4- 
a 

N .2- 
a measured  adhesion  than  those  that 

0 ( P = ~ ~ I O - ~ )  t i o n  above 20 kcal/mole, r e f .  13) 
0 such as oxygen, a i r ,  or ethylene, 
w 
1 

have a greater   and  quicker   effect  on 

axe physically  adsorbable  (heats  of 
6 adsorption below 5 kcal/mole, 

INTEGRATED EXPOSURE, torr sec r e f .  13), such as argon,  nitrogen, or 

Figure 4 . -  Effect of various gas environments 
hydrogen. I n   t h e  former  group  of 

on t h e  normalized  adhesion  coefficient of gases, a prec ip i tous   decrease   in  
99.99 percent aluminum. adhesion i s  seen after an  exposure 

of t o   t o r r   s e c .   I n  oxygen, 
t h i s  exposure  amounted t o  about 

to r r   sec .   In   cons ider ing   the   degree   o f  surface contamination t o  which 
t h i s  exposure  corresponds, we  see t h a t  l X l O m 4  t o r r   s e c  i s  considerably  greatefr 
than   the   o f ten-s ta ted   (e .g . ,  r e f .  14) exposure  of %lom6 t o r r  sec f o r   t h e  
formation  of a " theore t ica l"  monolayer. However, on t h e  basis of  more realis-  
t i c  approximations, it i s  not much' g rea te r   than   the   ac tua l   exposure   requi red  
f o r  monolayer formation.  These  approximations are  derived  from (a) a modifi- 
ca t ion  of gas impingement ra te  on a given  specimen  surface based on t h e  
eclipsing  of  molecular  flow by the  presence  of  the  other sample ha l f  (see 
f i g .  l), (b)   evaluat ion  of   the surface area or roughness  factor  of  the frac- 
tu red  specimen which co r rec t s  for the   d i f fe rence  between t r u e   s u r f a c e  area 
and  that  surface area based  on  cross-sectional  dimensions,  and  (c)  considera- 
t i o n  of t h e   f r a c t i o n  of t hese  impinging  molecules t h a t  rebound  from t h e  
surface ra ther   than   s t ick .   Accord ingly ,   the   " theore t ica l"  monolayer formation 
time would be mult ipl ied by the  following  approximate  factors:  (a) by 2, 
based on ca lcu la t ions   o f   the   gas  impingement rate i n  experimental  configura- 
t i o n  used, (b)  by about 8, based on consideration  of  measured  gross surface 
roughness  and  cited (ref.  15) specif ic-surface measurements,  and ( c )  
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by  roughly 3, based   on   typ ica l   s t ick ing   coef f ic ien ts  ( r e f .  16).  Thus, actual 
monolayer coverage  might  not  occur unt i l   an  exposure  of   about   torr  sec 

coverage,  sufficient t o  cause  the  complete l o s s  of  adhesion  noted i n   f i g u r e  3, 
i s  probably no more than  several monolayers. It i s  of i n t e re s t   t o   no te   f rom 
work on fat igue  of  metals i n  vacuum and air  (refs. 17-20) t h a t  changes i n  
f a t igue  l i f e  also  occur  at exposures of t o   t o r r   s e c .  From t h e  data 
i n   f i g u r e  4 f o r  aluminum i n  air ,  it i s  seen  that   approximately a f ive fo ld  
increase  in   exposure was necessary t o  cause a change i n  a comparable t o   t h a t  
found i n  02, suggest ing  that  02 i s  t h e   a c t i v e   g a s   i n  air  (20 percent O2 i n  
a i r ) .  For those tes ts  conducted in   e thylene  ( C 2 H 4 )  , a similar precipi tous 
decrease i n  a occurred,  but a t  greater  exposures,  which agrees   qua l i ta t ive ly  
with t h e   f a c t   t h a t  C2H4 with i t s  lower  heat  of  adsorption i s  more slowly 
adsorbed  than O2 ( refs .  1.3, 16 ) .  

t o r r   s e c  X 2 X 8 X 3 )  i s  reached. From t h i s  it can  be  seen  that 

In   general ,  it was found (as predicted by eq. ( 7 ) )  t h a t   i n   t h e   c a s e  of 
gases  with  high  heats  of  adsorption,  the  shapes  and  posit ions  of  the CL- 
integrated  exposure  curves were independent  of  pressure.  This i s  i l l u s t r a t e d  
i n   f i g u r e  4 i n  which t h e   r e s u l t s   f o r  experiments  performed i n  oxygen, one 
a t  a constant  pressure  of 2X10-6 t o r r   and   t he   o the r  a t  a pressure  of lX10-7 
t o r r ,  are v i r tua l ly  coincidental .  

- 

One p a r t i c u l a r   t y p e  of  experiment,  conducted a number of times with 
aluminum and  other materials in  various  environments, showed c l e a r l y   t h a t  
contamination  of  the  surface from t h e  environment was causing  the loss of 
adhes ion .   In   these  tes ts ,  after an  act ive  gas  had  caused a p a r t i a l  loss of 
adhesion,  the active gas   (usual ly  02)  was pumped out u n t i l   t h e  chamber pres - 
sure  was less than l X l O - '  t o r r .  Adhesion testing was then  continued  but no 
fu r the r   dec rease   i n  a occurred; i n   f a c t ,  it was more usua l   to   observe   tha t  
the  adhesion  increased somewhat. In   t he   ca se  of aluminum i n  02 and most other 
metal-gas  combinations i n  which the   i n t e rac t ing   gas  was strongly  adsorbed, 
t h i s   i nc rease  amounted t o  a few percent  and was possibly due t o   t h e  "plowing- 
up" of new clean  surface  fromthe  bulk  during  compressive  loading. If t h e  
act ive  gas ,  at t h e  same pressure,  were then  readmitted,   the  adhesion would 
again  drop  sharply. 

which contained,  supposedly,  only  gases (Hz, N 2 ,  and Ar), which were weakly 
adsorbable by  aluminum ( f i g .  4 ) .  However, the   losses   in   these   gaseous   envi ron-  
ments occurred a t  greater  exposures  than i n  a i r ,  02, and C2H4; it was not as 
prec ip i tous ,   and   usua l ly   to ta l  l o s s  of  adheslon  did  not  occur. From equa- 
t i o n  ( 6 ) ,  which applies  to 'metal-gas  systems  of low AH, surface  coverage i n  
such  systems i s  not  dependent on integrated  exposure;  rather it i s  dependent 
on pressure  and mean residence time. However, t h e   d a t a  were s t i l l  p l o t t e d  on 
t h e  same coordinate  system  of  figure 4 t o  emphasize t h e   l a r g e  magnitude of 
behavioral   difference between aluminum i n  chemisorbed  and  physisorbed  gases. 
Furthermore, in  the  experimental   procedure  used,  results  for  the two c l a s ses  
of  gaseous  environments may be   d i r ec t ly  compared  on a s ing le '   p lo t .  To dea l  
with  convenient  run times, the  pressures  used were, i n  most cases,  roughly 
lo3 less than  the  corresponding  integrated  exposures shown, thus P general ly  
increased  with  increasing P x t .  There are two possible  explanations  for 
t he   pa r t i a l   adhes ion  lo s s  at higher  exposures: (1) Some quant i ty   o f   the   iner t ,  
physisorbable  gas  sufficient t o   a f f e c t   a d h e s i o n  i s  adsorbed at higher 

Decreases in   the  adhesion  coeff ic ient   a lso  occurred  in   the  environments  
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pressures,  or (2)  ac t ive   impur i t ies   in   the   o therwise   iner t   gas  are being 
adsorbed  and  affect  adhesion when the   p roduct   o f   the i r   par t ia l   p ressure  and 
exposure time reaches  about 10-3 t o r r   s e c .  

Explanation (1) w i l l  be  discussed  with  reference  to  equations (5) and (6),  
which indicate  the  degree  of  adsorption  expected  under  equilibrium  conditions 
for   var ious   t es t   condi t ions .  For example, for   ni t rogen  on aluminum at room 
temperature, T would have a value  of 10-10 second  (assuming  purely  physical 
adsorption and a AH of 4 kcal/mole  (ref. 12) ) . According to   equat ion (6a), 
mnolayer  coverage  (about 5x1014 atoms/cm2) would not  occur  below a nitrogen 
pressure  of several atmospheres. Based on  the maximum pressures  of a few t o r r  
used  to   generate   the  data   in   f igure 4, the  expected  surface  concentrations  of 
adsorbed  gases  should  be  less  than 1 percent  and,  thus,  should  be  too low t o  
great ly   affect   adhesion.  (However, the  possible  occurrence  of  higher  energy 
s i t e s  under  these  pressures  might  lead  to  stronger  adsorption which, i n   t u r n ,  
would cause loss of  adhesion.) 

Explanation (2)  i s  certainly  plausible  since  hydrocarbon,  water,  and 
oxygen impurit ies,   in  the  gases  used, amounted to   severa l   par t s   per   mi l l ion .  
A s  an  example, a concentration  of 1 par t   o f  oxygen i n  lo8 parts  of  argon  could 
cause  the  reduction  in E noted at an  exposure  of -lo5 to r r   sec .   Impur i t ies  
probably  played a r o l e   i n  some earlier  experiments  (not shown) with aluminum 
in   i ndus t r i a l   g rade  hydrogen (99.8 percent,   assay)  in which E dropped  below 
0.1 a t  less   than  1 torr  see  exposure.  It i s  d i f f i c u l t   e i t h e r   t o  measure or 
estimate  the  impurity  concentration  in  the  gaseous  environment  since  an 
unknown  amount could  be  inadvertently added in   the   gas   t ransfer   p rocess .  ( A s  
indicated  ear l ier ,   the   par t ia l   pressure  analyzer   could  not   be  used a t  the 
pressures   per t inent   to   th i s   par t  o f  the  study.)   This  explanation would a l so  
account  for  the poor r ep roduc ib i l i t y   i n  some t e s t s .  

It i s  assumed tha t   bo th   fac tors   d i scussed  above probably  contr ibute   to  
some extent t o  t he  loss of  adhesion  observed when aluminum was tes ted   in   phys-  
isorbable  gases.  It i s  l i k e l y   t h a t ,  when the  loss i n  E i s  r e l a t ive ly   l a rge ,  
the  pr incipal   factor   causing  the loss i s  the  adsorpt ion  of   act ive  impuri t ies  
from the  test   gas  environment.  
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Figure 5. -  Wfec t  of various  gas  environments 
on the  normalized  adhesion  coefficient  of 
OFHC copper. 

Copper.- The effect   of   var ious  gas-  
eous  environments  on  the  adhesion  of 
copper was studied, and t y p i c a l   r e s u l t s  
are shown i n  figure 5.  The da ta   a re  
s imi l a r   t o   t hose   fo r  aluminum ( f i g .  4) 
i n   t h a t  chemisorbable  gases  had a much 
greater  influence  on  adhesion  than  phys- 
isorbable  ones  did. Thus, the  environ- 
ments  with a r e l a t ive ly   l a rge  @€I (02, 
air, and C,H,) caused  complete or 
nearly  complete loss of  adhesion a t  
exposures  of 10-3 t o  10'1 t o r r   s ec  
while  those  environments  with a r e l a -  
t i v e l y  small @€I ( Ar , N,, and Hz) 
caused a decrease i n  E t o  about 0.3 
a t  exposures  of  about 10" t o r r   s e c .  
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These r e s u l t s  are in  accord  with  ICrapnell 's  observation (ref. 13) t h a t  
aluminum and  copper  exhibited similar adsorptive  behavior  toward  various  gases. 
The p a r t i a l  loss of  adhesion  in N2, €I2, and A r  environments  occurred a t  pres- 
sure   l eve ls  much too  low t o  be  explained by equations ( 5 )  and (6) above. 
Perhaps  preferential   impurity  adsorption  could  explain this. The E values 
of 0.3 t o  0.4 a r e  stable and are relatively  independent  of  further  exposure. 
For  example,  an E of 0.4 could  be  maintained i n  1 t o r r  H2 i nde f in i t e ly  
(-lo5 sec ). Unfortunately,  because of burs t ing   s t rength   l imi ta t ions  of t h e  
t e s t  chamber used  and  because  of  the  increase  in  the  partial   pressure of 
ac t ive   impur i t ies ,   wi th   the   t es t   t echnique  employed, t h e  complete l o s s  of 
adhesion  expected  (eq. (6) ) t o  occur   in   these  weakly  adsorbed  gases 
(AH -5 kcal/mole) a t  pressures above  one  atmosphere  could  not be 
unambiguously  demonstrated. 

According to   equat ion  ( 5 )  , varying  the  surface  temperature w i l l  change 
t h e  mean residence  time of a gas on a surface,  and thus a l s o  surface  coverage 
(eq. ( 6 ) ) .  By this means, a metal a t  a given  pressure-exposure  condition 
might show no e f f e c t  of environment on i ts  adhesion at one temperature and ye t  
might show a strong  adhesion  dependency  toward  the  gas  environment a t  lower 
temperature. It was possible  by lowering  the  temperature  to  demonstrate  the 
same e f f e c t  on adhesion,  of  the  gas  environment, as increased  pressure would 
show, as w i l l  be  discussed  next. 

The adhesion of copper i n  carbon monoxide was studied  using  pressure,  
exposure,  and  surface  temperature as the   t es t   parameters .  The adhesion of 
copper i n   t h i s  environment  should  reflect  the  intermediate (10 t o  20 kcal/mole) 
adsorption  character of this system. That i s ,  a t  temperatures below a c e r t a i n  
level  and/or  pressure above a cer ta in   l eve l ,   adsorp t ion   suf f ic ien t   to   cause  
s ign i f i can t  loss of  adhesion  should  occur. The r e s u l t s  of a s tudy   t ha t  
demonstrate  this effect are presented  in  figures 6 and 7 and t ab le  11. 
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Figure 6 . -  Effect of  exposure t o  carbon monoxide Figure 7.-  Effect of temperature and pressure of 
on the  adhesion  coefficient of OFHC copper a t  carbon monoxide on the  adhesion  coefficient 
two temperatures. of OFHC copper. 

Figure 6 shows the  adhesion  behavior  of  copper  in  carbon monoxide a t  two 
temperatures and several   pressures  as a funct ion of exposure. A t  2 5 O  C and 
10-6 t o r r ,  carbon monoxide is shown t o  have l i t t l e   e f f e c t  on adhesion. This 
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i s  expected  since, at these  conditions,   the  surface  coverage i s  negl igible  
(e1 percen t )   fo r  a AI3 of 12 kcal/mole as given  ( ref .  16) f o r  copper  and 
carbon  monoxide. A t  PC, of 10'1 t o r r  a t  25' C J  p a r t i a l  coverage  (about 
20 percent)  should  occur  and  probably  accounts  for  the loss of  adhesion 
observed. However, f o r   t h i s  lat ter data,   the  impurity and t e s t i n g   e f f e c t s  
previously  discussed  should  not  be  discounted and may also  be  par t ly   responsi-  
b l e   fo r   t he   dec rease .  From equation ( 5 ) ,  decreasing  the  surface  temperature 
from 25' C t o  -120° C increases   the  res idence time of  carbon monoxide on  cop- 
per  by  about 10" ( to   res idence times of  years).  Surface  coverage w i l l  be 
governed  by  equation (7) and wi l l   be  dependent  on  integrated  exposure. The 
low-temperature  experiment  clearly shows the  effect   of  exposure  to  carbon mon- 
oxide on adhesion  of  copper i n   t h a t  a t  s l i g h t l y  more than   t o r r   s ec   t he re  
i s  an abrupt  decrease i n  adhesion  that  must be  associated  with  increased 
adsorption  of  carbon monoxide. The leveling  out  of a at PC, of t o r r  
possibly  indicates   an  approach  to   the  equi l ibr ium  surface  concentrat ion  corre-  
sponding  to  this  temperature,  while  exposures  to  higher  pressure (10'6 and 
lom5 torr)  cause  greater  coverage  and,  thus,  lowered  adhesion.  Generally, 
i n i t i a l  and  subsequent  values  of a under  low  temperature  conditions were 
smaller  than  those  observed at room temperature. The r e s u l t s   i n   f i g u r e  6 (as 
well  as f i g .  7) were plot ted  in   terms  of  a ra ther   than  E because  data were 
in su f f i c i en t  f o r  correct ing for mechanical  effects a t  low temperatures. 
These resu l t s   inc lude  some effects  of  mechanical  testing. 

I n  f i gu re  7, resu l t s   a re   p resented  of  a typical  experiment which 
demonstrates  the  near-reversible  nature  of  carbon monoxide adsorption and 
desorption  on  copper as determined from the   var ia t ions   in   adhes ion   under   t es t  
condi t ions   in  which temperature  and  gas  pressure  are  the  primary  variables.  
The data  shown were c o l l e c t e d   i n   t h e  sequence  noted,  from  one  specimen. Car- 
bon  monoxide pressures  are  indicated  alongside  the  various segments  of t he  
data, while  temperatures  are  indicated by  open  and  closed symbols, t he  former 
corresponding  nominally  to -1250 C ,  t h e   l a t t e r  t o  room temperature. It i s  
seen  that  when pressure i s  increased,  adhesion i s  decreased  (cycles 1 through 
22) .  Adhesion may be  partially  regained  either  by  lowering  the  pressure o f  
carbon monoxide (cycle  23) or by  heating  the  specimen  (cycle 37) .  Data begin- 
ning  with  tes t  47 show the   e f fec t   o f   cool ing  and then  heating  the specimen a t  
a constant  pressure  of B l O - 5  t o r r .  When the specimen w a s  cooled  to  about 
-l25O C ,  a dropped t o  about 0.02 and when reheated  recovered t o  about 80 per- 
cen t   o f   t he   t e s t  47 adhesion. It i s  probable   tha t   the   resu l t s   observed   a r i se  
from  changes in   the  carbon monoxide coverage  on  the  copper due t o  changes i n  
pressure and temperature, as would be  indicated  by  equations (5 )  and ( 6 ) .  
These resul ts   are   in   accord  with  the  observat ions  of   others   on  the  nature   of  
the  adsorption  of  carbon monoxide by  copper.  For  example,  infrared  and  sur- 
f ace   po ten t i a l   s tud ie s  have ind ica ted   tha t   the   adsorp t ion  i s  "strongly 
physical" (refs. 21, 22) and i s  pa r t i a l ly   " s t ab le   i r r eve r s ib l e"  and p a t i a l l y  
weak revers ib le  (ref.  23) . 

I n  a number of  experiments similar t o   t h a t  shown by   f igure  6 a w a s  
monitored as a funct ion  of   e i ther   temperature  a t  constant  pressure or pressure 
a t  constant  temperature. It i s  seen  (from  substi tution  of  eq.  (5)  i n  ( 6 ) )  
t h a t ,  i f  the  temperature and pressure  condi t ions  necessary  to   effect  a loss of 
adhesion  are known (assuming  approximately  monolayer  coverage i s  su f f i c i en t   t o  
cause  complete loss), the  heat  of  adsorption  of  carbon monoxide on  copper i n  



these  experiments  might  be  determined. The heat  of  adsorption as a funct ion 
of  temperature  and  pressure i s  given  by 

o(MTg) 
&I = RTs 2n 3 . 5 ~ 1 0 ~ ~  S P T ~  

-r0 i s  2 . o x ~ O - ~ ~  sec, as evaulated  from  the Lindermann r e l a t i o n  (ref.  12) f o r  
carbon monoxide, and M i s  28 g/mole. The value  of 0 was calculated  to   be 
l.gXl0ls molecules/cm2,  assuming s ingle   s i te   adsorp t ion   of   carbon monoxide  on 
copper.   Corrections  to  the  product sP discussed  under  the  results  on alumi- 
num were  assumed to  apply  here,  namely  SP = 0.02 Pmeasured.  This  correction 
increased AH by Zn 50 = 3.9. The temperature of the  carbon monoxide Tg 
i s  not known but  i s  assumed to   be  midway between room temperature  and  the 
specimen  temperature, Ts . Thus, equation (9) evaluated  in  terms  of T and P 
i s  

AH = 36.2 Ts Zn[ (Tg)1/2/P]  cal/mole 

Heats of adsorption  from  six  experiments at various  temperatures and pressures,  
calculated from th i s   equa t ion ,   a r e   t abu la t ed   i n   t ab l e  I1 and have a mean value 
of 11.4 kcal/mole . The heat  of  adsorption  of  carbon monoxide on copper  has 
been  reported t o  be  qui te   var iable:  9.3 ( r e f .  l 3 ) ,  20 ( r e f .  24), and between 
10 and 20 (ref.  25) ( a l l   i n  kcal/mole) . The value  determined  in  the  present 
experiments i s  thus  within  the  range of  those  previously.reported.   This  sug- 
ges t s   t ha t   t he   ana lys i s  and assumptions  underlying  the  present  determinations 
of AH weie  reasonable  and  further  clarifies  the  role of adsorbed  gases  in 
affect ing  the  adhesion  of   metals .  

Titanium, magnesium, and lead.  - The adhesion of t i tanium, magnesium, and 
lead  was s tudied i n  various  environments  and  the  results are shown i n  f i g -  
ures 8 ,  9, and 10. The adhesion  behavior  of  these  three  metals  differed i n  
many respects  from the   r e su l t s   desc r ibed  above f o r  aluminum and  copper,  but 
nevertheless ,   substant ia ted  the  general   f inding that adsorbed  gases  cause loss 
of adhesion. Only t h e  more important  f indings  and  the  results which d i f f e r  
from those   for  aluminum and  copper will be  discussed. 

IC1 6- Titanium, like  other  hexagonal I" z meta ls   ( re f .  26), h a s ,   r e l a t i v e   t o  ; .5 
LL cubic  metals, a n  i n i t i a l l y  small a 

- 
LL 
W 

.4 
( t a b l e  I) which decreases  considerably 
with  repeated  adhesion  testing  in 
u l t rah igh  vacuum. Nevertheless,  plot - 
( f i g .  8) shows the   e f fec t  on adhesion 
of the  three  chemisorbable  gases 
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Figure 8.- Effect of various gas environments SUTeS in agon was again at t r ibu ted  
on the  normalized  adhesion  coefficient of 
99+ percent  titanium. t o   impur i t i e s  i n  the   gas .  
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IU 
CHEMISORBED Magnesium, another  hexagonal 

o AIR YES metal displaying a small E, a l so  

0 C2H2 - 
g .5- 
w Ts= 25. C 

0 2  YES showed varying  behavior i n  d i f f e r e n t  
- gas  environments  (fig. 9 ) . A i r ,  oxygen, 

and ethylene  environments  clearly 
affected,   al though at d i f f e r e n t   i n t e -  
grated  exposures,  the  adhesion of mag- 
nesium,  while  argon showed l i t t l e  
effect . The da ta   fu r the r   i nd ica t e ,   bu t  

\r-105 not  conclusively  because of the   l imi ted  

adhesion is similar t o   t h a t  of ethylene 
and thus,   apparently is not as readi ly  
adsorbed as oxygen.  Except f o r  oxygen 
(which i s  known t o  be  chemisorbed, 

a tes t ,  t h a t   t h e   e f f e c t  of  hydrogen  on 

INTEGRATED EXPOSURE, torr SeC 

Figure 9. - Effect of various  gas  environments re f .  16 ) , and  argon  (which is not ) , 
99.95 percent magnesium. 
on the normalized  adhesion  coefficient of was not found in the  liter- 

a tu re  on the   sur face   in te rac t ion  
between these  various  gases and 
magnes ium. 

1.2- Lead d i f f e red  from  other  metals  in 
tu t h a t  it displayed  ( f ig .  10)  an E of 

nearly  unity  (which, by the  way, w a s  
v i r tua l ly   unaf fec ted  by  mechanical t e s t -  
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t i o n   ( r e f .  14). Lead did  not   lose  
adhesion  in a i r  or oxygen u n t i l   a f t e r  
exposures of about t o r r  sec,  consid- 

a 
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LL I I I I I $2 y;-,o I 10-6 10-2 102 ' I& e rab ly   g rea t e r   t han   t he   t o  

INTEGRATED EXPOSURE, torr SeC torr   sec  exposures  seen  with  other met- 
als. Although no adhesion was found 

a t  1 atmosphere some hours   before   tes t -  
ing,  lead  specimens  fractured and 
promptly  tested  in a i r  exhibited measur- 
able  adhesion. These r e su l t s   a r e   no t  

Figure 10.- Effect of various  environments on between lead  suf laces   f ractured  in  a i r  
the  normalized  adhesion  coefficient of 
99.99 percent  lead. 

due t o   l a c k  of adsorption of  oxygen, s ince  it is known t o  be rapidly chemi- 
sorbed  ( ref .  13) .  Rather, it appea r s   t ha t   t h i s   i n sens i t i v i ty  might  be  due t o  
t h e   f a c t   t h a t  a relatively  hard  oxide  forms  over a s o f t  subs t ra te .  The possi-  
b i l i t y  of cracking  and  subsequent  burial of this  oxide  through specimen  con- 
t a c t   e x i s t s ,  which could   resu l t   in   f resh ,   c lean   sur face   be ing   exposed ,   un t i l  
a good dea l  of oxidation  has  occurred. With lead ,   th i s   weld ing   in  air  has 
been  seen  in  fr iction  and  other  adhesion  studies (refs. 3, 27). 

Gold.-  Gold,  under  ambient  conditions,  does  not  chemisorb oxygen 
( r e f s .  16, 28, 29).  Thus, gold was  expected t o  show an  adhesion  behavior i n  
oxygen t h a t  w a s  d i s t i n c t l y   d i f f e r e n t  f rom  other   metals   tes ted.   Pr incipal  



resu l t s   f rom tests (two  specimens ) on gold  surfaces  formed by f r a c t u r e   i n  UHV 
were : (1) Under UHV conditions,  gold  behaved much t h e  same as copper, as 
shown i n   t a b l e  I, (2)  an oxygen environment  (with  apparent  impurities) had 
l i t t l e   e f f e c t  on adhesion t o  about t o r r  sec exposure, beyond which a 
s ignif icant   decrease  occurred,  and (3)  gold  exhibited no change i n  a up to 
at  least 1 tor r   sec   exposure  t o  hydrogen or nitrogen,  gases which  were  not 
expected  ( ref .  14 )  t o  chemisorb a t  room temperature.  Although  the oxygen 
environment  had l e s s   e f f e c t  on the  adhesion of gold  than on the   o the r  metals 
examined, it nevertheless  produced a greater   effect   than  expected.  The loss 
of adhesion above loF2 t o r r   s e c  exposure was a t t r ibu ted   t o   t he   fo rma t ion  of 
carbon monoxide from a reacting  ion-gage-filament  with oxygen (carbon monoxide 
is chemisorbed by gold ( ref .  1 3 ) ) .  

In  other  adhesion  experiments  the  surfaces of gold  disks were brought 
into  contact  under  various  environmental  conditions. The r e s u l t s  of these 
t e s t s   a r e  summarized i n   t a b l e  111. To expla in   these   resu l t s ,  it is necessary 
to   pos tu l a t e   t he   fo l lowing :   S ince   v i r tua l ly  no adhesion was  found f o r   t h e  
machined,  chemically  cleaned  ( in  dilute  nitr ic  acid,   then  ethanol)  surfaces 
when t e s t ed   d i r ec t ly   i n   l abo rabory  a i r ,  the   sur faces  were evidently  contami- 
nated. Normal a i r  contains many minor consti tuents,   such as water,  carbon 
dioxide,  carbon monoxide, su l fur   d ioxide ,  and  hydrocarbons, a l l  of which gold 
chemisorbs; i n   add i t ion ,  some grease and other  residue  can  be  expected t o  
remain on the   sur face  after the  cleaning  process.  It i s  evident  that   high 
vacuum alone (see condition 2 )  i s  n o t   s u f f i c i e n t   t o  remove these  contaminants , 
and that   repeated  contact  of t h e  specimens w i l l  produce a small amount of 
weldable  surface  while  heating  to 300' C i s  somewhat e f f e c t i v e   i n  removing 
these  impurit ies.   Impulsive  loading  in  the  normal  direction, as expected 
(ref.  26), caused a large  increase  in  adhesion  probably by impurity  burial .  
Significant  adhesion was  noted  in an "air" (dry, hydrocarbon f ree)  environment 
a t  re la t ive ly   h igh   pressure  when t h e  environment  lacked  chemisorbable  species 
and was composed exclusively of oxygen, nitrogen, and  noble  gases. 

CONCLUDING F3MARKS 

The e f f e c t  of gas  environment on the  adhesion of a given  metal is  a 
spec i f i c  phenomenon t h a t  depends  mainly upon the   na ture  of the   par t icu lar   gas-  
metal   interaction.  This was demonstrated by the  adhesion of i n i t i a l l y   c l e a n  
surfaces  in  environments of gases  having  various  heats of adsorption and 
causing  various  degrees of contamination,  under  differing tes t  parameters 
(temperature,   pressure,  and exposure).  Adhesion in  those  metal-gas  systems 
having  heats of adsorption above 20 kcal/mole was dependent  (with  the  excep- 
t i o n  of lead-oxygen) on integrated  exposure  (pressure X t ime) .  Loss of adhe- 
sion  in  these  environments  occurred a t  exposures of t o  lom2 t o r r   s e c .  
Effects on adhesion  in  physically  adsorbed  gases  (heats of adsorption of 
around 5 kcal/mole o r   l e s s  ) were  noted  only a t  much higher  exposures  and  then, 
quite  probably,  were due t o  adsorption of impuri t ies   in   the  gases ,  o r  t o  mech- 
an ica l  changes i n   t h e  specimen.  Adhesion in  metal-gas  systems  with  heats of 
adsorption between 5 and 20 kcal/mole  could  be l o s t  at low temperatures  and/or 
high  gas  pressures,  again  conditions  causing  increased  surface  coverage. Two 
metals showed  somewhat unusual  behavior: Lead,  because  of i ts  p a r t i c u l a r  
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mechanical  properties,   exhibited  exceptionally  high  adhesion  in  various 
adsorbable  gas  environments,  and  gold,  because it does  not  chemisorb  oxygen 
under  normal  conditions,  can if cleaned  of  other  adsorbed  species,  self-weld 
i n   d r y  air. 

The resu l t s   o f   th i s   s tudy   provide  some guidance in   s e l ec t ing   ma te r i a l s  
to  avoid  adhesion. It i s  evident  that   since  the  adhesion of a metal  depends 
on i t s  gas  environment,  the  successful  operation  of  contacting  metal compo- 
nents depends  on in t e rac t ion  of the  environment  with  the  metal.  Since  the 
adhesion  of  metals  (under a given  set  of  pressure,  exposure,  and  temperature 
condi t ions)   in   gases   with  large  heats   of   adsorpt ion i s  considerably  less   than 
in  gases  with small heats,  fewer  problems  traceable  to  adhesion would be 
expected  from a metal par t   operat ing  in   the  former type of  environment. The 
relatively  trouble-free  operation  holds  not  only  for  "active"  gas  environments 
(such as oxygen or a i r )  b u t   a l s o   f o r   o i l s  and greases,  which perform much t h e  
same funct ion as adsorbed  gases  by  keeping  metal atoms  from contact  across 
the  surface  interface.   Conversely,   difficult ies  muld  be  expected from p a r t s  
operating  in  gas  environments which are  not  chemically  adsorbed  by  the  metal. 
Thus, from the  present  results,   problems due to  adhesion  might  be  expected 
from  metal-gas  environment  combinations  such as gold-oxygen,  copper-hydrogen, 
aluminum-nitrogen,  and, of course,  from a l l  metals which  must ope ra t e   i n  
u l t ra -h igh  vacuum. Since  the minimum exposure for formation  of a "protective" 
surface  layer   in   an  act ive  gas  i s  about lom4 torr   sec,   an  exposure must exceed 
this  before  clean  surfaces  can  be  contacted  without some adhesion  result ing.  
For many metal-gas  combinations, minimum exposure  necessary  to  avoid  adhesion 
i s  much longer  than lom4 t o r r  sec  and, i n  numerous cases,  adhesion  occurs 
only  under  unusually  high-pressure or low-temperature  conditions.  Although 
the   p re sen t   r e su l t s  do provide some guidel ines   for   mater ia l   se lect ion,  it i s  
apparent  that   they must be  used i n  combination  with  results  of  other  types  of 
adhesion  studies,   that  i s ,  s tud ies  which provide  data  on  the  removal or 
protective  nature  of  surface  layers  (such as oxides ,   n i t r ides ,  or lubr icants )  
under  various  environmental  conditions. 

Ames Research  Center 
National  Aeronautics and  Space  Administration 

Moffett   Field,   Calif  ., 94035, May 31, 1968 
129-03 -15 -03 -00 -21 



1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8.  

9-  

10. 

11. 

12. 

13 * 

14. 

Gilbreath,  W. P. ; and  Sunsion, H. T. : Solid  Phase Welding  of Metals 
Under  High Vacuum. J. Spacecraft  Rockets, vol. 3, no. 3 ,  May 1966 , 
PP. 674-679. 

Rabinowicz, E . :  F r i c t ion  and Wear of Materials.  John  Wiley & Sons,  Inc., 
1965. 

Bowden, F. P. ; and  Tabor, D. : The F r i c t ion  and Lubrication of Sol ids .  
Rs. I and 11. Clarendon  Press  (Oxford),  1950  and 1964. 

Sikorski ,  M. E. : The Adhesion of Metals and Factors  That  Influence It. 
Wear, vol .  7, Mar. -Apr. 1964 , pp.  144-162. 

Rabinowicz , E. : Influence of Surface  Energy on F r i c t ion  and Wear 
Phenomena. J. Appl.  Phys. , vol. 32,  no. 8 ,  Aug. 1961, pp.  1440-1444. 

Machlin, E. S. ; and Yankee, W. R. : F r i c t i o n  of  Clean Metals and  Oxides 
with  Special  Reference  to  Titanium. J. Appl.  Phys.,  vol. 25, no. 5 ,  
May 1954, PP. 576-581- 

Buckley, D. H . ;  Swikert, M . ;  and  Johnson, R. L. : Fr ic t ion ,  Wear, and 
Evaporation Rates of  Various  Materials  in Vacuum t o  10-7 mm Hg. Trans. 
ASLE, vol. 5 ,  no. 1, Apr. 1962,  pp.  8-23. 

Coffin, L. F. , Jr. : A Study  of t he   S l id ing  of Metals, With Pa r t i cu la r  
Reference t o  Atmosphere. Lubrication  Eng.,  vol.  12,  Jan.-Feb. 1956, 
PP. 50-59. 

Frenkel, J. : Adsorption. Z. Physik,  vol. 26 , no.  2, Aug. 1924, 
pp. 117-138. 

Ling,  F. F . :  Welding  Aspects of S l id ing   Fr ic t ion  Between Unlubricated 
Surfaces. TR-60-117, A i r  Force  Office of Scientific  Research, 1960. 

Lewin, G. : Fundamentals  of Vacuum Science and  Technology. McGraw-Hill 
Book CO. , Inc. , 1965. 

deBoer, J. H. :  The Dynamical Character of Adsorption.  Clarendon  Press 
(Oxford) J l95.3’ 

Trapnell ,  B. M. W. : The Ac t iv i t i e s  of Evaporated  Metal  Films i n  Gas 
Chemisorption.  Proc. Roy. SOC.  (London) , Ser. A, vol .  218, 1953, 
PP. 566-577. 

Kellogg, L. G. : Developments i n  High-Temperature,  Ultrahigh-Vacuum 
Frict ion  Studies .   Lubricat ion Eng. , vol .  22 , no.  2 , Feb. 1966. 
PP. 57-66. 

18 



1-5. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

26. 

27. 

Schram, A . :  Invest igat ion of t h e  True  Desorbing  Area  of  Solids i n  
Vacuum. 1962 Trans.   9th Vacuum Symposium, Macmillan, 1963, 
pp. 301-306. 

Hayward, D. 0. ; and Trapnell ,  B. M. W. : Chemisorption.  Second  ed. , 
Butterworths , 1964. 

Bradshaw, F. J.; and  Wheeler, C. : The Effect of  Environment on Fatigue 
Crack Growth i n  Aluminum and Some  Aluminum Alloys. Appl. Materials 
Res. , vol .  4, no. 2, Apr. 1966, pp. 112-120. 

Smsion,  H. T. : Effec t  of High Vacuum on the  Fat igue  Propert ies  of 
Magnesium and Two Magnesium Alloys. ASTM/IES/AIAA Second  Space  Simula- 
t ion  Conf. ,  3d Proc. ,   Sept.  1967, pp. 91-96. 

Shen, H. K. ; Podlaseck, S. E. ; and Kramer, I. R. : Effect of  Vacuum on 
the  Fat igue  Life  of Aluminum. Acta Met., vol .  14, no. 3, Mar. 1966, 
pp. 341-346. 

Hordon, M. J. : Fatigue  Behavior of Aluminum i n  Vacuum. Acta Met. , 
vol .  14, no. 10, Oct. 1966, pp. 1173-1178. 

Culver, R. V . ;  and Tompkin, F. C . :  Surface  Potential  and Adsorptive 
Processes on Metals. Advances in   Cata lys i s  and  Related  Subjects. 
v01. 11, D. D. Eley, P. W. Sellwood,  and P. B. Weisz, eds. , Academic 
Press,  1959, pp. 67-1-31. 

Eischens, R. P. ; Pl isk in ,  W. A. ; and Francis,  S. A. : Infrared  Spectra  of 
Chemisorbed  Carbon Monoxide. J. Chem. Phys . , vol .  22, no. 10, Oct. 
1954, pp. 1786-1787. 

Kavtaradze, N. W . ;  and  Sokolova, N. P. : Adsorption of Carbon Monoxide on 
Copper  and the   S t ruc ture  of Its Surface Compounds, Based on the  Results 
of Infrared  Spectra.  Dokl. Akad. Nauk  SSSR, vol .  146, no. 6, June 1962, 
PP . 1367-1369. 

Beebe, R. A. ; and  Wildner, E. L. : The Heat of Adsorption of Carbon 
Monoxide  on Copper. J. Am. Chem. SOC . , vol .  56, no. 3 , Mar. 1.934, 
pp. 642-645. 

Smith A. W. ; and Quets , J. M. : Adsorption of Carbon Monoxide  on Copper: 
Infrared  Adsorption  Spectra  and  Thermodesorption. J. Catalysis ,  
vo l .  4, no. 2, 1965, pp. 163-171. 

Gilbreath,  W. P. : Defini t ion and  Evaluation of Parameters Which 
Influence t h e  Adhesion of Metals. ASTM STP 431,  1967, pp. 128-148. 

Fhbinowicz, E . ;  and Chitaley,  A. : Fr ic t ion  and Wear a t  Elevated 
Temperatures.  Final  Rept. , WADC-TR-~~-~O~, Par t  V I I I ,  Mass. I n s t .  
Technol. , Jan. 1967. 



28 . Hopkins, B. J. ; Mee, C. H. B. ; and  Parker, D. : The Sudace   Po ten t i a l  of 
oxygen  on Vapor Deposited Gold on Glass. Brit. J. Appl. Phys. , v01. 15, 
no. 7, 1964, pp. 865-866. 

29. Sacht ler ,  W. M. H. ; Dorgelo, G. J. H. ; and  Holscher, A. A. : The Work 
Function of Gold. SurPace  Science, vol. 5 ,  no. 2, Oct. 1966, 
pp. 221-229. 

20 



TABLE I.- EFFECT  OF  MECHANICAL  TESTING I N  UHV ON THE ADHESION COEF'FICIXNT 
AT ROOM "PERATURE OF THE METALS INVESTIGA'IIED I N  THE PRESENT STUDY 

1. 
2. 

3. 
4. 
5- 
6. 

7.  

8. 

9. 

Metal 

Aluminum 
Copper 
Gold 
Lead 
Magnesium 
Titanium 

Adhesion Coefficient 
I n i t i a l  After 50 cycles 

0.84 
0.76 
0.78 
0.98 
0.35 
0.48 

0.6 
0.5 
0.5 
0.95 
0.15 
0.2 

TABLE 11. - THE  HEAT OF  ADSORPTION  OF CARBON MONOXIDE ON COPPER A S  
DETERMINED FROM  TENPERATURF: A.ND PRESSURE VALUES O F  CARBON 
MONOXIDE  NECESSARY TO CAUSE LOSS O F  ADHESION I N  COPPER 

Heat  of 
Pressure,  Temperature,  adsorption 

Sample t o r r  OK kcal/mole ' 

1 2.5=0- 1 248 11.0 
2 6x10-~ 212 12.0 
3 1x0- 176 
4 

11.3 
1~10-~ 160 10.2 

5 1xlo-6 183 
6 

12.6 
1.1x10-~ 155 11 .4  

Mean 11 .4  k0.8 

TABU 111.- THE ADHESION O F  GOLD UNDER VARIOUS TEST  CONDITIONS 

Condition -~ 

I n i t i a l   c o n t a c t  in   laboratory a i r  
I n i t i a l   c o n t a c t  i n  UHV after 10 hrs a t  

After 50 contacts   in   laboratory air  
After 50 contac ts   in  UHV 
Contact at 300° C i n  UHV 
Contact a f t e r   c o o l i n g   t o  250 C following 

Contact after impulsive  loading a t  300° C 

t o r r  

(5)  i n  UHV 

i n  UHV a f t e r  (6)  

Contact  following (8) after 100 t o r r  "air" 
for 103 sec 

Adhesion coef f ic ien t  

< 0.001 ( m a x i m u m )  
0.002 t o  0.005 

0.08 
0.02 

0.5 

0.25 

0.1 


